Abstract The aim of this study was to evaluate the marginal adaptation of CEREC ceramic inlays, CEREC composite inlays and direct composite restorations in unbeveled proximal slot cavities under artificial aging conditions. Two groups of each restoration type were prepared (n=6), one group with a self-etch adhesive, the other group with H 3 PO 4 enamel etching before the self-etch adhesive application. Replicas were generated before and after long-term thermo-mechanical loading under dentinal fluid simulation and margins were evaluated at ×200 magnification in the scanning electron miscroscope (SEM). Statistically, significant differences were found before and after loading with respect to the percentages of "continuous margins", the direct composite filling with H 3 PO 4 enamel etching giving the lowest percentages of "continuous margins" after loading (p<0.05). The highest percentage of "continuous margin" was attained by composite inlays without H 3 PO 4 enamel etching. However, these results were not significantly different from ceramic inlays after stressing. Polymerization shrinkage is still one critical property of composite restorative materials. The marginal adaptation of indirect adhesive proximal slot restorations without enamel bevels both fabricated out of composite and ceramic is better than that of directly placed composite restorations.
Introduction
Minimal intervention dentistry is considered the modern style of operative dentistry, and the rationale behind this concept is the maximum preservation of sound tooth tissues [52] . It is based on conservative principles such as remineralization of early lesions, reduction in cariogenic bacteria, repair of defective restorations, disease control and minimum surgical intervention (MSI) [55] . In this regard a number of MSI restorative techniques such as preventive resin restorations [14, 36, 51, 59] , preventive glass-ionomer restorations [21, 38, 50] , ART restorations [7, 8] , tunnel restorations [17, 19] and posterior approximal miniboxes and microchips [18] have been proposed for the treatment of decayed teeth.
Resin composite restorative materials have witnessed a tremendous development since their first application in dentistry in 1950 [3] . Due to their improved esthetic qualities, strength, wear resistance and reduced water sorption with respect to earlier versions, composite restorations are being increasingly placed in both anterior and posterior regions of the mouth [61] . Nevertheless, polymerization shrinkage [27, 42, 53] and microleakage [45] of resin-based restorative materials is still an unsolved problem in clinical dentistry. This is especially of concern when evaluating the marginal adaptation of these restorations as it depends, among other factors, on the capability of the bonding agent and tooth structure to withstand the stresses resulting from the polymerization contraction of the composite [47] .
Efforts in the scientific field have been undertaken to diminish the adverse effects of polymerization shrinkage in resin composites. In addition to modifications of lightcuring protocols [4] and chemical or structural modifications of methacrylate-based materials [58] , refinement of clinical application techniques have also been proposed to solve or at least minimize the shrinkage problem. It is in this context where incremental techniques for direct composite restorations as well as indirect techniques have been investigated during the last years [5, 32, 34] . It was shown that indirect techniques with both composite and ceramic materials may optimize marginal adaptation in large posterior cavities. Similarly, a sophisticated incremental technique was introduced in 1986 by Lutz and collaborators, with the idea to reduce the effects of polymerization shrinkage and to provide a similar quality of marginal adaptation in large box-shaped posterior cavities to indirect techniques [30, 60] .
However, in minimally invasive proximal restorations the situation might be more complex. A recent study by Hugo et al. [15] substantiated the use of enamel beveling to improve marginal adaptation. Nevertheless, their results evidenced an increase in the cavity size when bevels were performed, rendering the cavity preparation less conservative. In addition, the risk of damaging the neighbor tooth during the preparation of such a bevel might exist unless ultrasonic pre-shaped instruments [26] , scarcely used by the general practitioners, are employed [62] .
It might be of interest to evaluate how marginal adaptation can be improved in conservative non-beveled proximal cavities. There are no studies at present prescribing the use of CAD/CAM technology [35] for the restoration of conservative proximal lesions. The Cerec 3D CAD/CAM system (Sirona, Bensheim, Germany) is well recognized in scientific literature, and the construction of a ceramic or composite inlay, onlay, or crown from material blocks in one appointment is possible [37] . A survival rate of around 95% for bonded all-ceramic inlays for up to 10 years has been achieved by the use of this technology [44] . In addition, the prefabricated blocks are industrially conceived and highly homogene, which should improve the mechanical properties and therefore the performance of the restoration over time [46] . Therefore, the purpose of this in vitro study was to evaluate and compare the marginal adaptation of ceramic and composite slot inlays fabricated with the Cerec 3 CAD/CAM technology and directly filled fine hybrid composite Class II restorations before and after thermal and mechanical fatigue testing. A two-step self-etch adhesive system in combination with a fine hybrid composite was used for both filling and luting procedures. As conventional phosphoric acid etching is considered the most reliable enamel conditioning agent available at present [49] and self-etching systems described as more user-friendly and less technique-sensitive [20] , a two-step self-etch adhesive system used with two different bonding approaches, i.e., with and without prior H 3 PO 4 enamel conditioning, was selected to be used in this study.
The null hypothesis tested was that no difference existed between both inlay materials and the direct restorative technique in their ability to provide gap-free margins before and after artificial aging conditions.
Materials and methods
The experimental setup of this investigation is schematically represented in Fig. 1 . Thirty-six intact, caries-free human molars with completed root formation, which had been stored in 0.1% thymol solution between the time of extraction and use, were selected for this in vitro test. After scaling and pumicing, the teeth were prepared for the simulation of intratubular fluid flow according to a protocol described before by Krejci et al. [25] . This intrapulpal pressure was maintained at 25 mmHg throughout the experiment, i.e., during cavity preparation, restoration placement, finishing, and thermo-mechanical loading. A non-beveled class II slot was prepared in the mesial part of each tooth (Fig. 2 ) using coarse diamond burs (Diatech Dental, Coltène-Whaledent, Altstätten, Switzerland) and then to be able to perfectly standardize the size and shape of the cavities (height 4.1 mm, width 4 mm, mesio-distal depth 2.5 mm, distance from the CEJ 1.5 mm approximately), they were finished by the use of U-shaped ultrasonic instruments (PCS, EMS Dental, Nyon, Switzerland) without a bevel (Fig. 2) .
Ceramic and composite inlays were fabricated with the Cerec 3D system (Sirona, Bensheim, Germany). The software version V2.60 was used for this purpose, and the restorations were digitally designed in Dental Database construction mode. The milling was performed with both 1.2-mm cylindrical and standard cone-shaped burs. The polishing of the external surface of both ceramic and composite materials was done by the use of polishing burs (Cerec Set, Intensiv, Switzerland) and Soflex discs (3M/ ESPE, Seefeld, Germany).
Each tooth was randomly assigned to one of six experimental groups. Groups, manufacturers, colors, and batch numbers of the products tested are described in detail in Table 1 .
In groups 2, 4, and 6, 35% phosphoric acid enamel conditioning was carried out for 20 s. The cavity was then rinsed and air-dried before the application of Clearfil SE bond (SE). In groups 1, 3, and 5 the adhesive system was applied without previous H 3 PO 4 enamel etching. In all groups, the self-etching primer was applied for 20 s and airdried. Then the bonding agent was painted in the cavity's internal surface and light-cured for 20 s (Astralis 10, Turbo mode, Ivoclar Vivadent, Schaan, Liechtenstein). The power output was continuously tested with a curing radiometer and proved to be higher than 1,000 mW/cm 2 .
For the placement of the indirect restorations (groups 1 to 4) the luting sequence differed according to the restorative material that was used, i.e., ceramic or composite blocks. The internal surface of the ceramic restorations was etched for 60 s with 5% hydrofluoric acid gel (Ceramics Etch, Vita Zahnfabrik, Germany). After rinsing and drying, a silane was applied (Monobond S, Ivoclar Vivadent, Liechtenstein), left undisturbed for 60 s and consecutively air-dried. Finally, a thin layer of bonding resin (Clearfil SE Bond, Kuraray, Japan) was applied and the inlay was protected from direct light until being placed into the cavity. A fine hybrid light-cured composite was selected for the luting procedure, applied and light-cured for 60 s each from occlusal, buccal, and oral (Astralis 10, Turbo mode).
With respect to composite inlays, the internal surface was sand-blasted using aluminum oxide (Al 2 O 3 ) powder of 50 μm particle size. Next, a silane solution (Monobond S, Ivoclar Vivadent, Liechtenstein) was applied onto the surface, left undisturbed for 60 s and air-dried. Finally, a thin layer of bonding resin (Clearfil SE Bond, Kuraray, Japan) was applied. A fine hybrid composite was selected for the luting procedure, applied and light-cured for 60 s from occlusal, buccal, and oral (Astralis 10, Turbo mode).
The incremental three-sited light-curing technique was used in groups 5 and 6. For this purpose a layer of approximately 1.0 mm of restorative composite was placed in the gingival's preparation floor and cured from the cervical margin with a light-transmitting wedge for 60 s. A second increment of restorative composite was placed in the lingual portion of the box and cured from the lingual side for 60 s. The last and buccal portion of the box was restored and cured from the facial direction for 60 s. All restorations were polished immediately after polymerization. For this purpose fine diamond burs (Diatech Dental, Coltène-Whaledent, Altstätten, Switzerland) and finishing discs (Soflex, 3M-ESPE, St. Paul, MN, USA) were used. After completion of the finishing procedure, the teeth were stored in a 0.9% saline solution at 37°C in the dark for 7 days before loading.
The restored teeth were simultaneously loaded with repeated thermal and mechanical stresses in a chewing machine [23] [24] [25] . Thermal cycling was carried out in flushing water with temperatures changing 3,000× from 5 to 50°C and vice versa with a dwelling time of 2 min at 5 and 50°C. The mechanical stress comprised 1,200,000 load cycles transferred on the occlusal center of the mesial slot restoration with a frequency of 1.7 Hz and a maximal load of 49 N applied by using a natural lingual cusp taken from an extracted human premolar. The dentinal fluid simulation was permanently maintained throughout the loading procedure. Immediately after completion of the polishing procedure and after stressing, respectively, impressions of each restoration were made with a polyvinylsiloxane impression material (President light body, Coltène AG, Switzerland).
Subsequently, epoxy replicas were prepared for the computer assisted quantitative margin analysis in a scanning electron microscope (Philips XL20, Philips, Eidhoven, Netherlands) at ×200 magnification. In the inlay groups the tooth-composite (TC) and compositeinlay (CI) interfaces were evaluated separately. The statistical evaluation was performed with SPSS 14.0 for Windows (SPSS, Chicago, IL, USA). The scores of marginal adaptation were non-normally distributed, as was shown by Kolmogorov-Smirnov test. Therefore, non-parametric tests were performed for pairwise comparisons among groups (Kruskal-Wallis and Mann-Whitney U) and for detection of initial/terminal differences within a group (Wilcoxon signed rank test). The confidence level was set to 95% (p<0.05). 
Results
The marginal integrity of the groups with H 3 PO 4 enamel pretreatment (groups 2, 4, and 6) was negatively affected by thermo-mechanical loading (Table 2) , and lower percentages of continuous margins were observed with respect to the original application of the self-etching adhesive (groups 1, 3, and 5). Indirect composite restorations with SE used on a selfetch approach (group 3) attained a percentage of 80.2 (14.3) continuous margins after loading, and this was the best result obtained in course of the present investigation. The lowest result was observed for direct composite restorations with SE and H 3 PO 4 enamel pretreatment (group 6), with a percentage of continuous margins of only 21.9 (10.8) after loading.
No significant differences could be detected after loading between the marginal adaptation of ceramic and composite inlays in both adhesive approaches tested (group 1 vs group 3 and group 2 vs group 4), although a tendency towards a better adaptation of composite inlays was observed compared to ceramic. Nevertheless, when non-continuous margins were taken into consideration, ceramic inlays presented an increased amount of enamel fractures compared to composite inlays ( Table 3 ). The specific distribution of enamel fractures at the axial, cervical, and occlusal margins of all groups tested is detailed in Fig. 3 .
The behavior of ceramic and composite inlays was different at the composite-inlay interface (Table 4) . A significant degradation between the initial and terminal values was observed for the ceramic inlays in groups 1 and 2. With composite inlays, the luting composite-inlay interface remained stable throughout the loading procedure and almost 100% of gap-free margins could be observed after stressing.
The lowest marginal performance was observed for the direct composite groups (5 and 6) despite the use of an incremental filling technique. The situation was even more adverse when enamel was etched with phosphoric acid before the application of SE bond and almost 80% of marginal openings were observed in this group after loading. Scanning electron microscopic micrographs, as detailed in Fig. 4 , represent the most common observations during the marginal microscopic evaluation.
Discussion
In this study, the long-term behavior of ceramic inlays, composite inlays and direct composite filled class II slot restorations was evaluated by the use of thermo-mechanical artificial aging methodology and scanning electron microscopy (SEM) for the assessment of marginal adaptation. The marginal quality, expressed in percentages of "continuous margins," was reported for the total marginal length at both tooth-composite (TC) and composite-inlay (CI) interfaces and was used as a descriptive mean of the marginal integrity that can be obtained with any given restorative material. "Noncontinuous margins" were investigated at the TC interface as well, enamel fractures being the main parameter considered.
Both thermo-mechanical loading and intrapulpal pressure were used in an attempt to simulate the oral environment [31] . Stressing the restorations up to 1.2 million cycles in vitro may simulate approximately 5 years of clinical use [22] . Therefore, it could be assumed that the results of this study might have a certain clinical relevance. The materials used in this investigation, i.e., feldspathic ceramic blocks, composite blocks and direct fine hybrid composite were settled on for performance assessment, all of them being widely used as restorative materials in modern conservative dentistry [12] .
No marginal bevels were placed in the present study despite existing scientific evidence that recommends this finishing procedure [10, 39] . However, it has to be stated that including a bevel in a conservative proximal cavity is not an easy procedure in the clinical reality. Unless preshaped beveled instrumentation is used, the preparation of a bevel in small proximal cavity margins becomes burdensome due to the presence of the neighbor tooth, which risks to be damaged during bur preparation [28, 29, 41] . In addition, beveling of the tooth preparation margins for CEREC restorations might not improve marginal adaptation but increase the width of the luting space, adversely affecting the marginal integrity of the restoration [6, 48] . As a result of the SEM margin analysis, significant differences in marginal adaptation were found between the test groups (p<0.05). The highest percentage of "continuous margin" after stressing was observed for the composite inlays [80. 2(14. 3)] and the worse for direct composite fillings [21.9 (10.8)]. Because none of the materials evaluated was able to provide completely gap-free margins before and after artificial aging conditions, the null hypothesis had to be rejected. However, these results are in contrast to the findings of Manhart et al. [33] , where almost perfect marginal adaptation in class II MOD enamel cavities were reported after loading when direct composite, composite inlays, and ceramic inlays were used as filling materials.
These differences could account for loading conditions (only 50,000 cycles against 1.2 million in the present study) and to differences in dentinal substrate, i.e., dentinal fluid simulation, which might partially explain their better results. In addition, different cavity configurations were considered, which may play an important role in the absorption and distribution of mechanical stresses. Class II MOD cavities exhibit a lower configuration factor, i.e., the ratio between the bonded and non-bonded or free surface, together with larger wall flexibility (due to the absence of the marginal ridges), which could partially compensate for the stresses generated during polymerization and fatigue challenge.
The present study also found that the luting compositeinlay interface was not stable under load conditions, as increased percentages of marginal gaps could be observed in ceramic restorations after loading. Our results are supported by similar clinical findings [9] . The use of both silane and bonding agent from different manufacturers, as accomplished in our study, might have negatively influenced the results probably due to chemical incompatibility between products. The manufacturers of Clearfil SE bond also provide a silane coupler (Clearfil Porcelain bond activator) that, when needed, can be mixed with the bonding-agent component and applied in a single step, Fig. 3 Graphical representation of the distribution of enamel fractures (expressed in percentages) at the axial (a), cervical (b), and occlusal (c) margins of the six experimental groups before (light grey) and after (dark grey) thermo-mechanical stressing. An interesting observation is that increased amount of enamel fractures was observed in the direct composite groups (5 and 6), despite the use of an incremental filling technique. Regarding inlay groups, this situation was even more pronounced when enamel was previously etched with H 3 PO 4 , as can be visualized in groups 2 and 4. The most favourable situation was for ceramic and composite inlays with original application of SE Bond (groups 1 and 3). Ceramic might be more aggressive to axial and cervical margins under loading as the presence of enamel fractures is increased with respect to composite inlays which might contribute to a better adhesion between ceramic and luting composite material [2] . Very low scores of "continuous margin" were attained by the direct composite groups (5 and 6). These results are in agreement with those of recent investigations [13, 16] . A reasonable explanation could be found again in the abovementioned "wall flexibility" concept. In slot cavities, wall flexibility is almost inexistent; hence, polymerization shrinkage of the composite cannot be compensated by the elastic deformation of the walls. Recently, different cavity models were investigated by the use of Finite Element Analysis [57] , and it was concluded that in class I and small class II MO cavities maximum stresses were generated along the toothrestoration interface basically due to this lack of wall deformation. These observations were also confirmed in vivo [11, 40, 43, 54] . In addition to the C-factor, lack of wall elasticity seems to be a critical issue that should be addressed in further investigations. Even if the clinical realization of such small proximal inlays might be more time-consuming and thus more expensive, it might represent the best restorative option in non-beveled slot cavities.
Although no significant differences could be detected between both composite and ceramic inlays, an increased amount of enamel fractures perpendicular to the cervical margin was observed in ceramic inlays after loading (Fig. 4d) . The rigidity of dental restorative materials is considered a very important issue when evaluating the adhesive tooth-restoration interface. Composite materials are more resilient than ceramics, and this could have an effect on the stress transferred to the margin walls. In a recent paper [1] , the distribution of stresses in ceramic and composite class II inlays was evaluated with Finite Element Analysis. It was observed that ceramic FEA models transmitted higher stresses to the cavity walls than Fig. 4 SEM micrographs (×200) of a composite inlay (group 3) after thermo-mechanical loading. The luting composite interface is almost indistinguishable from the composite inlay and from enamel. b, c Direct composite filling (group 6) after thermo-mechanical loading. The presence of enamel fractures close to the margin might be the result of phosphoric acid conditioning in non-beveled enamel. d Ceramic inlay micrograph (group 1) after thermo-mechanical loading. Enamel fractures can be observed below the cervical enamel margin, most probably due to the high stresses resulting from mastication forces that are transferred to the margins. Ceramic, as stiff material, may not able to follow the deformation of the tooth during mastication function. DC Direct composite, Cer I ceramic inlay, Cpr I composite inlay, LC luting composite, E enamel, EF enamel fractures composite models and that resin composite had a greater stress-dissipating effect than ceramic. Even if there is lack of scientific evidence correlating these enamel fractures and the clinical long-term behavior of ceramic restorations, they may be interpreted as a sign of early failure.
Contrary to recent findings [56] for both inlay and direct-filled groups, enamel conditioning with phosphoric acid negatively affected the marginal integrity after loading. One explanation could be that depending on how enamel prisms are cut, i.e., transversally or longitudinally, shearing off of the subsurface enamel prisms together with cohesive fractures within enamel might be produced [39, 49] . This is probably the reason why in our study enamel fractures were mostly found close to both axial and cervical margins as illustrated in Fig. 4b,c . The parallel orientation of enamel prisms in the axial walls in combination with the weakened region of non-beveled enamel after phosphoric acid conditioning could be an explanation for these findings. The advantage of self-etching systems with respect to phosphoric acid may be that as weaker acids are incorporated into the primer, less risk of over-etching and weakening enamel is present. Therefore, our results confirm those of other papers that self-etching primers can be used for bonding composite to ground enamel [20] .
Conclusions
Within the limitations of this in vitro study, the following conclusions can be drawn:
1. None of the materials tested and restorative techniques used could prevent the formation of marginal gaps in enamel both before and after loading. 2. Enamel conditioning with self-etching primers appeared to be less destructive to unbeveled cavosurface margins than phosphoric acid conditioning. 3. Marginal adaptation of direct composite restorations in unbeveled cavities was suboptimal despite the use of a sophisticated layering technique. 4. Computerized restorations appeared to be an interesting alternative for the restoration of class II slot cavities. Enabling the construction of slot inlays in one single appointment highlights the use of this technology for the restoration of conservative proximal lesions.
